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Mg(1 wt%)/β [a] 14.1 99.9 3.2 1.2
K(1 wt%)/β [a] 13.6 99.9 3.4 1.5
Ca(1 wt%)/β [a] 14.4 99.9 4.9 2.0
Rb(1 wt%)/β [a] 18.9 99.9 3.2 1.0
Rb(1 wt%)/β [b] 24.3 99.9 4.3 1.0
Rb(1 wt%)/β [c] 25.5 99.9 4.3 1.0
Rb(1 wt%)/Hβ [a,d] 19.6 94.5 3.3 1.1
Rb(1 wt%)/β [a,e] 16.7 97.3 3.2 1.2
Rb(1 wt%)/β[f] - - 0.3 -
Cs(1 wt%)/β [a] 17.0 99.9 2.9 1.0
Cs(1 wt%)/
Mordenite [a] 
0.5 99.9 0.5 5.7
Cs(1 wt%)/Y [a] 0 0 0 -
Cs(1 wt%)/ZSM-5 [a] 0.9 52.5 3.6 47.1
Cs(1 wt%)/
SiO2-Al2O3
[a] 0 0 0 -
Table 1. Performances (conversion and selectivity) of various alkali
and alkaline-earth metal/β zeolite catalysts and reference samples for
the selective oxidation of benzene to phenol with N2O
[†]
[†] conv.: conversion; selec.: selectivity; decomp.: decomposition of N2O to N2.
[a] Cat= 0.4 g
(Metal loading=1.0 wt%), Reac. temp= 573 K; Performance values: averaged during 30-150 min
time-on-stream. Benzene/N2O/CH4/He=0.5/3.0/5.0/20 mL min
-1; CH4 was used as internal
standard because it was inert under the present conditions. . [b] identical condition to [a] except for
catal. weight=0.5 g. [c] identical condition to [a] except for reac. temp. 613 K. [d] H type β zeolite. [e]















































































































Benzene conv.% Benzene conv.%



































































Time on stream/ min Time on str am/ i
Phenol selec.% Phenol selec.%
(b)
Binding rgy/eV
CN(Cs-O) 3.7 ± 2.1
R(Cs-O) 3.20 ± 0.17 Å 
∆E0 -0.59 ± 8.13 eV 
DW 0.0017 ± 0.0314  
R-factor 0.034 





















Concerted inter-ligand bond 
rearrangement on single Cs+
benzene+N2O coadsorption on Cs
+


































































































































β zeolite 0 - - -
Cs(2 wt%)/β [a] 0 - - -
Cs(2 wt%)/β [b] - - 1.7 -
Cs(2 wt%)/β [c] 1.3 96.0 0.2 0.2
Rb(2 wt%)/β [c] 1.3 96.0 5.6 8.3
Cs(2 wt%)/ 
SiO2-Al2O3 
[c] 0.01 76.5 0.5 229
Cs(2 wt%)/β 5.9 83.4 1.5 1.1
Cs(2 wt%)/β [d] 6.3 85.1 1.0 1.9
Cs(2 wt%)/β [e] 6.8 77.5 1.1 2.2
Rb(2 wt%)/β 6.9 60.5 3.5 17.8
Na(2 wt%)/β 2.1 44.2 40.4 55.6
Mg(2 wt%)/β 1.2 55.4 3.5 114
K(2 wt%)/β 3.4 60.1 2.5 25.8
Ca(2 wt%)/β 2.3 69.9 2.6 33.5
Sr(2 wt%)/β 1.2 67.6 2.8 7.5
Ba(2 wt%)/β 3.5 62.0 3.9 38.9
Table 2. Performances (conversion and selectivity) of various
alkali and alkaline-earth metal/β zeolite catalysts and reference
samples for the selective oxidation of benzene to phenol with
O2+NH3 at 593 K
[†]
[†] 
The catalysts were pretreated with benzene/O2/NH3/He=0.5/0.5/1.8/4 mL min
-1
at 673 K for 
0.5 h. Cat. = 0.6 g; Performance values: averaged during 30-180 min time-on-stream. 
Benzene/O2/NH3/He = 0.5/0.5/1.8/4.0 mL min
-1
. [NH3]reacted/[Phenol]produced: reacted NH3
amount/produced phenol amount. TOF is defined as reacted benzene(mol)/total metal(mol)/h. 
Zeolite β was purchased from Nikki Co. 
a] 














condition to [†] except reac. temp. 603 K. 
[e] 





Associative coadsorption of Bz, O2 & NH3 on Cs
+ in β pore
TS2
Concerted inter-ligand bond 
rearrangement to form the O-C(Bz) bond 









Pivotal role of NH3
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